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It is widely perceived that plants are influenced by surrounding environment. The 
representative environmental stimuli are light, temperature fluctuation, and 
mechanical touch, such as rubbing and bending by passing animals, wind, and 
flooding. Plants have developed various adaptation strategies to cope with the 
environmental changes. For example, the circadian clock predicts the 
environmental changes and generates diurnal rhythms of numerous physiological 
and developmental processes in most living organisms to synchronize with 
surrounding conditions. In this study, I investigated the molecular mechanisms that 
contribute to thermostability of circadian clock in Arabidopsis. 
   Otherwise, some environmental stimuli, such as touch or wind, induce 
the morphological changes as well as clock rhythm of plants. The adaptive growth 
which accompanies with morphological changes is termed thigmomorphogenesis. 
Thigmomorphogenesis has been reported in the early stage of plant research, but 
the noticeable studies are not shown recently. Here, I described the phenotypic 
analysis of Brachypodium root formation under windy conditions. And hormonal 
regulation underlying the root development mechanisms in monocotyledon plants 
was also proposed.  
In chapter 1, a role of ZEITLUPE (ZTL) in protein quality control under 
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heat stress is described. Cellular proteins undergo denaturation and oxidative 
damages under heat stress, forming insoluble aggregates that are toxic to cells. 
Denatured proteins are either renatured to their native conformations or removed 
from cellular compartments, which are processes often termed as protein quality 
control. Heat shock proteins (HSPs) act as molecular chaperones that assist the 
renaturation-degradation process. Here, I demonstrated that heat-induced protein 
aggregates are removed by a protein quality control system that includes the ZTL, a 
central clock component in Arabidopsis. ZTL mediates the polyubiquitination of 
aggregated proteins, which leads to proteasomal degradation, and enhances the 
thermotolerance of plants growing at high temperatures. Insufficient heat-induced 
polyubiquitination in ztl-105 results in increased protein aggregates thus, 
thermosensitive phenotype. Notably, the circadian clock was hypersensitive to heat 
in the ztl-105 mutant. I propose that ZTL-mediated protein quality control 
contributes to thermal stability of the clock. Moreover, the reduced levels of 
polyubiquitination and thermosensitive circadian clock in HSP90 RNAi plants 
indicate that HSP90 and ZTL are functionally related at high temperatures. 
In chapter 2, influence of wind stimulation and adventitious root 
formation are discussed. Wind-driven mechanical stimulation is known to induce 
the incidence of radial expansion and shorter and stockier statue. Wind stimulation 
also affects the adaptive propagation of the root system in various plant species. 
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However, it is unknown how plants sense and transmit the wind-derived 
mechanical signals to launch appropriate responses, leading to the wind-adaptive 
root growth. Here, I found that Brachypodium distachyon, a model grass widely 
used for studies on bioenergy crops and cereals, efficiently adapts to wind-driven 
mechanical stress by forming adventitious roots (ARs), which are formed from 
nonroot tissues. The ARs prevent the leaf flipping of the plants by anchoring in soil.   
Experimental dissection of wind stimuli revealed that not the bending of the 
mesocotyls but physical contact of leaf nodes with soil triggers AR formation. 
Moreover, it was observed that inhibition of auxin transport is critical for AR 
emergence and/or elongation. Wind stimulation triggers the transcriptional 
induction of a group of auxin-responsive genes encoding WUSCHEL RELATED 
HOMEOBOX and LATERAL ORGAN BOUNDARIES DOMAIN transcription 
factors, which are intimately associated with the induction of AR formation. My 
findings would contribute to further understanding molecular mechanisms 
governing the initiation and development of ARs, which will be applicable to crop 
agriculture in extreme wind climates. 
 
Key words: Adventitious root, heat stress, protein quality control, thermotolerance, 
thigmomorphogenesis, wind 
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Protein misfolding occurs not only during normal cellular folding processes but 
also under environmental and oxidative stress conditions. Accumulation of 
misfolded proteins leads to the formation of insoluble aggregates, which are toxic 
to protein homeostasis and cellular integrity in eukaryotes (McClellan et al., 2005). 
Versatile protein quality control mechanisms have evolved to deal with misfolded 
proteins and insoluble protein aggregates by either facilitating their refolding into 
native conformations or directing their degradation via diverse ubiquitin-
proteasome pathways (Finka and Goloubinoff, 2013). 
Controlled protein degradation via the ubiquitin-proteasome pathway is 
initiated when molecular chaperones, such as heat shock protein 70 (HSP70) and 
HSP90, fail to refold misfolded proteins into their native state (McClellan et al., 
2005; Finka and Goloubinoff, 2013). The molecular chaperones recognize the 
hydrophobic parts of misfolded proteins and recruit distinct ubiquitin ligase 
enzymes to the protein aggregates, forming ubiquitin-proteasome apparatuses that 
determine which parts of the aggregates are to be removed (McClellan et al., 2005). 
For example, the carboxy terminal domain of Hsc70-interacting protein (CHIP) 
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plays an important role in eliminating cytosolic protein aggregates by selectively 
ubiquitinating HSP70-associated misfolded proteins in animals and plants (Zhou et 
al., 2014; Lee et al., 2009). It is also known that the Cullin5 E3 ubiquitin ligase 
triggers polyubiquitination-mediated proteasomal degradation of HSP90 clients in 
animal cells (Samant et al., 2014).  
HSP90 is a key molecular chaperone that is abundant and highly 
conserved in eukaryotes (McClellan et al., 2005; Krishna and Gloor, 2001). It plays 
essential roles in signal transduction pathways and cell cycle control by enhancing 
cell viability under stressful conditions (Krishna and Gloor, 2001; Finka et al., 
2015). In Arabidopsis, there are seven HSP90 members that are localized in 
distinct subcellular compartments (Krishna and Gloor, 2001). They are functionally 
associated with the maturation and stabilization processes of numerous regulatory 
proteins functioning in diverse signaling networks. It has been shown that HSP90 
interacts with cochaperone SGT1, stabilizing the immune-sensing nucleotide-
binding domain and leucine-rich repeat proteins (Shirasu, 2009). HSP90 also plays 
a role in buffering genetic variation and ensuring developmental stability (Sangster 
et al., 2008; Sangster and Queitsch, 2005). 
The HSP90 molecular chaperone also participates in cellular responses to 
environmental stress and its roles in thermal adaptive responses are best understood. 
HSP90 prevents cellular damage by facilitating the refolding of misfolded proteins 
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at high temperatures and removing heat-induced protein aggregates in metazoan 
species and yeast (Borkovich et al., 1989; Dickey et al., 2007). Accumulating 
evidence also supports that plant HSP90 proteins mediate various aspects of heat 
stress responses (Xu et al., 2012). It is notable that high-temperature stress 
influences virtually all facets of plant growth and development, covering seed 
germination to flowering (Bita and Gerats, 2013). HSP90 also affects plant 
environmental performance and clock function (Filichkin et al., 2015), 
necessitating that the interactions of HSP90 with distinct E3 ubiquitin ligases 
during plant environmental adaptation are more complicated than previously 
thought. 
Recently, it has been shown that HSP90 acts as a molecular chaperone for 
the F-box protein ZEITLUPE (ZTL) in Arabidopsis (Kim et al., 2011). The ZTL 
acts as an evening-phased clock component that mediates proteasomal degradation 
of the clock components TIMING OF CAB EXPRESSION 1 (TOC1) and 
PSEUDO-RESPONSE REGULATOR 5 (PRR5) (Más et al., 2003; Kiba et al., 
2007). The levels of ZTL protein oscillate in a circadian manner. It has been 
reported that HSP90, in conjunction with GIGANTEA (GI), stabilizes ZTL in the 
afternoon (Kim et al., 2011). ZTL is unique among the known HSP90 clients in that 
the molecular chaperone stabilizes and facilitates the correct folding of the heat-
denatured client (Cha et al., 2015). Together with the pivotal roles of HSP90 in 
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thermal responses, these observations raise the possibility that the ZTL-HSP90 
complex underlies the thermostable nature of the circadian clock in plants. 
In this work, I demonstrated that ZTL, together with its interacting 
molecular chaperone HSP90, enhances the thermotolerance of plant growth by 
promoting polyubiquitination of misfolded proteins at high temperatures. Whereas 
ZTL-HSP90 protein complexes were dispersed in the cytoplasm at normal 
temperatures, the protein complexes were associated with insoluble protein 
aggregates in the cytoplasm at high temperatures. Interestingly, circadian rhythms 
were more rapidly dampened in the ZTL-defective mutant compared to those in 
control plants under heat stress conditions. Together, I propose that the ZTL-
mediated polyubiquitination of protein aggregates is essential for thermotolerance 










MATERIALS AND METHODS 
 
Plant materials and growth conditions 
All Arabidopsis thaliana lines used were in the Columbia (Col-0) background. 
Sterilized seeds were stratified at 4oC in darkness for 3 d and allowed to germinate 
on ½ X Murashige and Skoog-agar plates (hereafter referred to as MS-agar plates) 
at 23oC under long days (LDs, 16-h light and 8-h dark). White light illumination 
(120 μmol photons m-2s-1) was provided by fluorescent FLR40D/A tubes (Osram). 
 The T-DNA insertional knockout mutants, prr7-11 and ztl-105, have been 
described previously (Yamamoto et al., 2003; Martin-Tryon et al., 2007). A MYC-
coding sequence was fused in-frame to the 3’ end of the ZTL-coding sequence, and 
the gene fusion was subcloned into the binary pBA002 vector under the control of 
either the Cauliflower Mosaic Virus (CaMV) 35S promoter or the endogenous ZTL 
gene promoter, consisting of ~1.8 kbp sequence region upstream of the 
translational start site (Baudry et al., 2010). The expression constructs were 
transformed into Col-0 plants or ztl-105 mutant, resulting in 35Spro:ZTL-MYC or 
ZTLpro:ZTL-MYC ztl-105, respectively. The ZTL-coding sequence was also 
subcloned into the binary pB2GW7 vector under the control of the CaMV 35S 
promoter, and the expression construct was transformed into Col-0 plants. The 
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ZTL-overexpressing plants were used in thermotolerance assays. 
 
Transcript abundance measurement 
Total RNA samples were extracted from ten-day-old seedlings grown on MS-agar 
plates and pretreated with RNase-free DNase to eliminate genomic DNA 
contamination before RT-qPCR. RT-qPCR reactions were carried out in 96-well 
blocks with an Applied Biosystems 7500 Real-Time PCR System (Foster City) 
using the SYBR Green I master mix in a volume of 20 μL. PCR primers were 
designed using the Primer Express Software installed into the system and listed in 
Table 1. Individual PCR reactions were set up as follows: 10 min at 95oC, followed 
by 35 ~ 40 cycles of 15 s at 95oC for denaturation and 1 min at 60oC for annealing 
and polymerization and an additional round of 1 min at 65oC at the end of the 
thermal cycles for completion of PCR reactions. An eIF4A gene (At3g13920) was 
included in the reactions as internal control to normalize the variations in the 
amounts of cDNA used (Gutierrez et al., 2008). 
All RT-qPCR reactions were performed using three independent samples 
prepared from different plants grown under identical conditions. The comparative 
ΔΔCT method was employed to evaluate relative quantities of individual amplified 
products in the samples. The threshold cycle CT was automatically determined for 
each reaction by the system set with default parameters. The specificity of the RT-
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qPCR reactions was determined by melt curve analysis of the amplified products 
using the standard method installed into the system. 
 
Thermotolerance assay 
The assays were performed essentially as described previously (Yoo et al., 2006), 
but with some modifications. Seven-day-old seedlings grown on MS-agar plates 
were exposed to 40oC for 4.5 h in darkness and allowed to recover at 23oC for 5 d 
under LDs. Survival of heat-treated seedlings was decided based on the existence 
of newly developing leaves. For heat acclimation assays, seedlings were exposed to 
37oC for 1 h and then incubated at 23oC for 2 h before exposure to 45oC for 1.5 h in 
darkness. The heat-treated seedlings were then allowed to recover at 23oC for 5 d 
under LDs. 
 
Measurement of chlorophyll contents 
Measurement of chlorophyll contents were performed as described previously (Lee 
et al., 2012). Briefly, plant materials were ground in liquid nitrogen, and 
chlorophylls were extracted with N,N-dimethylformamide. The extract was 
incubated at 4oC for 1 h in complete darkness. Chlorophyll contents were assayed 
by measuring absorbance at 652, 665, and 750 nm using a diode array 




Detection of polyubiquitinated proteins 
Eight-day-old seedlings grown on MS-agar plates were transferred to MS liquid 
culture for 1 d under LDs before exposure to 40oC. Plant materials were ground in 
liquid nitrogen, and total proteins were eluted with 2 X SDS-PAGE loading buffer 
(100 mM Tris-Cl, pH 6.8, 4% sodium dodecyl sulfate, 0.2% bromophenol blue, 
20% glycerol, and 200 mM DTT) and boiled for 10 min. The boiled extract was 
clarified by centrifugation at 23oC for 10 min at 12,000 X g. Fifteen μL of the 
supernatant was loaded onto a 6% SDS-PAGE gel and then transferred onto PVDF 
membrane (catalog no. IPVH00010; Millipore). Polyubiquitinated proteins were 
detected immunologically using a monoclonal anti-ubiquitin antibody produced in 
mouse (catalog no. sc-8017; Santa Cruz Biotechnology). For the secondary 
antibody, a goat anti-mouse IgG-horseradish peroxidase (HRP) (catalog no. sc-
2005; Santa Cruz Biotechnology) was used. After incubation with the secondary 
antibody, HRP-conjugated proteins were visualized using the West Save Up system 
(catalog no. LF-QC0101; Abfrontier). The relative intensities of polyubiquitinated 
proteins were quantitated using the ImageJ software (https://imagej.nih.gov/ij/). 
 
Fractionation of soluble and insoluble proteins 
The fractionation was performed as described previously (Coll et al., 2014). Plant 
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materials were ground in liquid nitrogen and suspended in buffer B containing 
apyrase (catalog no. A6535; Sigma-Aldrich) and/or MG132. The protein extract 
was passed through a cell strainer having pore sizes of 70 μm (Fisher Scientific), 
and the solution was centrifuged sequentially at 2,000 X g at 10 min followed by 
centrifugation at 3,000 X g for 10 min at 4oC. The supernatant was centrifuged 
again at 16,000 X g at 4oC for 90 min. The supernatant and the pellet correspond to 
soluble and insoluble fractions, respectively. The pellet was washed three times 
with fresh buffer B supplemented with 2% Nonidet p-40, each by centrifugation at 
16,000 X g for 30 min. The pellet was resuspended in fresh buffer B and sonicated 
using an ultrasonic cleaner (SaeHan ultrasonic). The solutions were mixed with 5 X 
SDS-PAGE loading buffer and boiled for 10 min. 
The samples were analyzed on 6% and 10% SDS-PAGE gels. The 6% gel 
was either Coomassie blue-stained or subjected to immunoblotting analysis using 
an anti-ubiquitin antibody (Santa Cruz Biotechnology). A modified version of 
Coomassie blue staining was employed to detect the fractionated proteins with 
improved sensitivity (Wang et al., 2007). The 10% gel was blotted onto PVDF 
membrane, and HSP90.1, tubulin, and ZTL-MYC proteins were detected 
immunologically using a polyclonal anti-HSP90.1 antibody produced in rabbit 
(catalog no. AS08 346; Agrisera), a monoclonal anti-tubulin antibody produced in 
mouse (catalog no. T9026; Sigma-Aldrich), and a monoclonal anti-MYC antibody 
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produced in mouse (catalog no. 05-724; Millipore), respectively. For the secondary 
antibodies, a goat anti-mouse IgG-HRP (Santa Cruz Biotechnology) and a goat 
anti-rabbit IgG-HRP (catalog no. sc-2030; Santa Cruz Biotechnology) were used. 
Mass spectrometry of insoluble proteins was performed at the National 
Instrumentation Center for Environmental Management, Seoul National University, 
using the nano high-resolution LC-MS/MS spectrometer (Thermo Scientific). 
Among the identified proteins, HXK1 proteins were immunologically detected 
using a polyclonal anti-HXK1 antibody produced in rabbit (catalog no. AS12 2601; 
Agrisera). 
 
Protein stability assay 
To examine the stability of ZTL proteins at high temperatures, the 35Spro:ZTL-MYC 
transgenic plants were grown on MS-agar plates for 10 d under LDs. After 
incubation at 40oC in darkness, whole plants were harvested for the extraction of 
total proteins. ZTL proteins were detected immunologically using an anti-MYC 
antibody (Millipore). 
 
Bimolecular fluorescence complementation (BiFC) assay 
The assays were conducted as described previously (Seo et al., 2012). Full-size 
ZTL- and HSP90.1-coding sequences were fused in-frame to the 3' end of a gene 
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sequence encoding the N-terminal half of enhanced YFP in the pSATN-nEYFP-C1 
vector (E3081) or to the 3' end of a gene sequence encoding the C-terminal half of 
enhanced YFP in the pSATN-cEYFP-C1 vector (E3082). The expression constructs 
were cotransformed into Arabidopsis mesophyll protoplasts by the PEG-calcium 
transfection method. Transformed protoplasts were incubated for 16 h under 
constant light, and reconstitution of YFP fluorescence was monitored by 
fluorescence microscopy using a Zeiss LSM510 confocal microscope (Carl Zeiss) 
with the following filter setup: 514 nm for excitation, 535-590 nm for YFP, 690-
730 nm for autofluorescence. 
 
Coimmunoprecipitation assay 
Plants were grown on MS-agar plates for 9 d at 23°C. After incubation at 40oC in 
darkness for 2 h, whole plants were harvested for the extraction of total proteins. 
Plant materials were ground in liquid nitrogen, and proteins were extracted in 
coimmunoprecipitation buffer (50 mM Tris-Cl pH 7.4, 500 mM NaCl, 10% 
glycerol, 5 mM EDTA, 1% Triton-X-100, 1% Nonidet P-40) containing protease 
inhibitor cocktail tablets (catalog no. 11836153001; Sigma-Aldrich). Five % of the 
extracts was used as input control. The protein extracts were incubated with 20 μL 
polyclonal anti-c-Myc agarose affinity gel antibody produced in rabbit (catalog no. 
A7470; Sigma-Aldrich) for 1 h at 4oC. The beads were then washed five times with 
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fresh coimmunoprecipitation buffer. To elute proteins, 40 μL of 2 X SDS loading 
buffer was added to the beads and boiled for 10 min. Twenty % of the eluted 
proteins were used as IP control. An anti-MYC (Millipore) and an anti-HSP90.1 
(Agrisera) antibodies were used for the detection of ZTL-MYC and HSP90.1, 
respectively. 
 
Circadian rhythm measurement 
One-week-old plants grown on MS-agar plates under LDs were exposed to 23oC, 
28oC, 35oC, or 42oC for up to 3 d under constant light conditions. Whole plant 
materials were harvested at appropriate ZT points for total RNA extraction. Gene 
transcript levels were examined by RT-qPCR. The period and relative amplitude 






















































































































































Table 1. Primers used in CHAPTER 1. 
F and R indicate forward and reverse primers, respectively. The primers were 
designed according to the rules suggested by the Primer3 software (version 0.4.0, 
http://primer3.sourceforge.net/releases.php) so that they have calculated melting 







The ztl-105 mutant exhibits reduced thermotolerance 
On the basis of HSP90-mediated stabilization of ZTL proteins (Kim et al., 2011; 
Cha et al., 2015; Cha et al., 2017), I hypothesized that ZTL would be involved in 
the heat stress response. To examine this hypothesis, I first examined the 
thermosensitivity of the ZTL-defective mutant and ZTL-overexpressing plants 
(Figure 1). As ZTL protein abundance is under diurnal control (Kim et al., 2003), 
plants were treated with high temperatures at a specific time, the midpoint of the 
day under long days. It was found that the ztl-105 mutant exhibited significantly 
reduced thermotolerance, while ZTL-overexpressing plants exhibited enhanced 
thermotolerance compared with Col-0 plants (Figure 2A and Figure 2B). 
Consistent with the altered thermal responses, chlorophyll contents were 
accordingly lower in the ztl-105 mutant but higher in the ZTL-overexpressing 
plants (Figure 2C), supporting that ZTL is involved in plant thermotolerance. 
To investigate whether thermal responses vary over the day, I performed 
thermotolerance assays at different time points. At the end of the day, the reduced 
thermotolerance of the ztl-105 mutant was still evident (Figure 3). In contrast, at 
the end of the night, there were no significant differences in thermotolerance 
between Col-0 plants and the ztl-105 mutant, indicating that the ZTL-mediated 
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thermal responses fluctuate throughout the diurnal cycle. 
To verify that the reduced thermotolerance of the ztl-105 mutant was 
caused by the loss-of-function mutation, the mutant was complemented with a 
genomic ZTL gene, whose expression was driven by the endogenous gene promoter. 
The reduced thermotolerance of the ztl-105 mutant was efficiently rescued in the 
complemented plants (Figure 4), indicating that ZTL is functionally associated with 
the thermoresponsive phenotype of the mutant.  
The ztl-105 mutant exhibits a longer circadian period than Col-0 plants 
(Martin-Tryon et al., 2007). A question remained on whether the thermal response 
of the mutant is associated with its longer circadian period. I examined the thermal 
responsiveness of another long-period mutant prr7-11 (Farré et al., 2005). The 
basal thermotolerance of the prr7-11 mutant was not discernibly different from 
Col-0 plants (Figure 5) indicating that the reduced thermotolerance phenotype of 
the ztl-105 mutant is independent of circadian periodicity. 
I next examined whether ZTL is associated with heat acclimation. Plants 
were pretreated at 37oC before exposure to higher temperatures. Measurements of 
survival rates and chlorophyll contents revealed that acquired thermotolerance was 
reduced in the ztl-105 mutant (Figure 6) but enhanced in ZTL-overexpressing 







































Figure 1. Molecular validation of ZTL-overexpressing plants. 
A ZTL-coding sequence was overexpressed driven by the Cauliflower Mosaic 
Virus (CaMV) 35S promoter in Col-0 plants. Multiple transgenic lines were 
obtained, and overexpression of the transgene was verified. Two representative 
overexpressing lines (OX-2 and OX-3) were chosen for further analysis. One-
week-old plants grown on MS-agar plates were used for total RNA extraction. 
Gene transcript levels were examined by reverse transcription-mediated 
quantitative real-time PCR (RT-qPCR). Biological triplicates were averaged and 





























































Figure 2. Reduced basal thermotolerance in ztl-105 mutant. 
One-week-old plants grown on MS-agar plates were exposed to 40
o
C at the 
midpoint of the day for 4.5 h in darkness and allowed to recover at 23
o
C for 5 d 
(A). Two measurements of survival rates (B) and chlorophyll contents (C), each 
consisting of 30 plants, were averaged and statistically analyzed (t-test, *P < 0.01). 





















































































Figure 3. Thermal responses depend on diurnal cycles. 
One-week-old plants grown on MS-agar plates were exposed to 40
o
C for 7.5 h at 
the end of the day (A) or for 3.5 h at the end of the night (B) in darkness and 
allowed to recover at 23
o
C for 5 days. Two measurements of survival rates and 
chlorophyll contents, each consisting of 30 plants, were averaged and statistically 



























Figure 4. Complementation of ztl-105 mutant. 
A ZTL-MYC fusion, in which a MYC-coding sequence was fused in-frame to the 3‘ 
end of the ZTL-coding sequence, was expressed driven by the endogenous gene 
promoter consisting of ~1.8-kb region upstream of the translation start site in ztl-
105 mutant
 
(Baudry et al., 2010), resulting in ZTLpro:ZTL-MYC ztl-105. One-week-
old plants grown on MS-agar plates were exposed to 40
o
C for 3.5 h and allowed to 
recover at 23
o
C for 5 days (left panel). Two measurements of survival rates, each 
consisting of 30 seedlings, were averaged and statistically analyzed using Student 
























Col-0 prr7-11  
Figure 5. Thermal responses are independent of long periodicity.  
One-week-old plants grown on MS-agar plates were exposed to 40
o
C for 4.5 h at 
the midpoint of the day and allowed to recover at 23
o
C for 5 days (left panel). Two 
measurements of survival rates, each consisting of 30 seedlings, were averaged and 

































































































Figure 6. Reduced acquired thermotolerance in ztl-105 mutant. 
One-week-old plants grown on MS-agar plates were pre-incubated at 37
o
C for 1 h 
in darkness and subsequently at 23
o
C for 2 h before exposure to 45
o
C for 1.5 h in 
darkness. The heat-treated plants were allowed to recover at 23
o
C for 5 d (A). 
Survival rates (B) and chlorophyll contents (C) were measured as described in 























































































Figure 7. Enhanced acquired thermotolerance in ZTL-overexpressing plants. 
One-week-old plants grown on MS-agar plates were pre-incubated at 37
o
C for 1 h 
in darkness and subsequently at 23
o
C for 2 h before exposure to 45
o
C for 3 h in 
darkness. The heat-treated plants were allowed to recover at 23
o
C for 5 d (A). Two 
measurements of survival rates (B) and chlorophyll contents (C) were measured, as 












Polyubiquitination is suppressed in the ztl-105 mutant under heat stress 
A large set of HSPs and heat shock factors (HSFs) is known to mediate heat stress 
response and signaling in Arabidopsis (von Koskull-Döring et al., 2007). I 
investigated whether ZTL-mediated thermotolerance is functionally linked with 
known HSPs and HSFs. Measurements of transcript abundance by reverse 
transcription-mediated quantitative real-time PCR (RT-qPCR) showed that the 
relative transcript levels of HSP and HSF genes were similar in Col-0 plants and 
the ztl-105 mutant at high temperatures (Figure 8A). The dehydration-responsive 
element binding (DREB) transcription factors play a regulatory role in drought and 
heat stress responses (Lata and Prasad, 2011). Ascorbate peroxidase (APX) is an 
antioxidant enzyme functioning in a broad spectrum of abiotic stress responses, 
including heat stress, by detoxifying hydrogen peroxide (Panchuk et al., 2002). I 
found that expression of the DREB and APX genes was also unaffected by the ztl-
105 mutation (Figure 8B). These observations indicate that ZTL-mediated 
thermotolerance occurs independently of known heat stress signaling pathways, at 
least at the transcriptional level. 
 Under heat stress, misfolded proteins that are excluded from the 
refolding process undergo polyubiquitination and are subsequently degraded 
through the ubiquitin-proteasome pathways to maintain protein homeostasis 
(McClellan et al., 2005; Finka and Goloubinoff, 2013). I found that the ztl-105 
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mutant is susceptible to high temperatures. Therefore, I investigated whether the 
ZTL enzyme mediates the heat-induced polyubiquitination process. 
 Plants were exposed to 40oC, and polyubiquitinated proteins were 
immunologically detected in total protein extracts. It was found that 
polyubiquitination was not altered in either Col-0 plants or the ztl-105 mutant at 
23oC in darkness (Figure 9A). Notably, following exposure to heat stress, the level 
of polyubiquitination was rapidly elevated within one hour in Col-0 plants (Figure 
9B). However, the rate of elevation was detectably reduced in the ztl-105 mutant. 
In addition, the differential effects of heat stress on polyubiquitination were also 
observed in light-treated plants (Figure 9C), indicating that ZTL helps to increase 
heat-induced polyubiquitination regardless of light. Meanwhile, the reduced 
polyubiquitination was recovered in the ztl-105 complemented lines (Figure 10), 
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Figure 8. Quantification of the transcript levels of heat stress genes in ztl-105 
mutant.  
Ten-day-old plants grown on MS-agar plates were exposed to 40
o
C at the midpoint 
of the day for the indicated time durations before harvesting whole plants for total 
RNA extraction. Transcript levels of HSF and HSP (A) and DREB and APX (B) 
genes were examined by RT-qPCR. Biological triplicates were averaged (t-test, P 
< 0.01). Bars indicate SEM. Note that there are no significant differences in the 
























































































Figure 9. Heat-induced polyubiquitination is reduced in ztl-105 mutant.  
Eight-day-old plants grown on MS-agar plates were transferred to MS liquid 
culture at 23
o
C for 1 d. They were then exposed to either 23
o
C (A) or 40
o
C (B) in 
darkness for the indicated time durations. They were also exposed to 40
o
C in the 
light (C). Total proteins were extracted from whole plants, and polyubiquitinated 
proteins were detected immunologically using an anti-ubiquitin (Ub) antibody. 
Tubulin (Tub) proteins were also immunologically detected for loading control. 
For each treatment, three blots were quantitated using the ImageJ software 













































Figure 10. Levels of polyubiquitinated proteins in ztl-105 complemented lines. 
Eight-day-old plants grown on MS-agar plates were transferred to MS liquid 
culture at 23
o
C for 1 day. They were then exposed to 40
o
C in darkness for up to 2 h 
before extracting total proteins. Polyubiquitinated proteins were detected 
immunologically using an anti-ubiquitin (Ub) antibody (left panel). Tubulin (Tub) 
proteins were immunologically detected in a similar manner for loading control. 
Three blots were quantitated using the ImageJ software and averaged (right panel). 
Bars indicate standard deviation (t-test, *P < 0.01, difference from ztl-105). Note 
that the reduction of protein polyubiquitination in the mutant was rescued in the 








Accumulation of protein aggregates is elevated in the ztl-105 mutant under 
heat stress 
Misfolded proteins formed under unfavorable stress conditions are either refolded 
into their native conformations or deposited as insoluble aggregates, which are 
subsequently removed by the ubiquitin-proteasome pathways (McClellan et al., 
2005; Finka and Goloubinoff, 2013). As a result, reduction of polyubiquitination 
often accompanies accumulation of insoluble aggregates. I found that ZTL 
enhances protein polyubiquitination under heat stress, suggesting that protein 
aggregates would accumulate in the ztl-105 mutant. 
Total proteins were extracted from plants exposed to 40oC in darkness and 
fractionated into soluble and insoluble forms. It was found that the levels of 
insoluble protein aggregates were detectably elevated in the heat-treated ztl-105 
mutant (Figure 11A), which is certainly related to the reduced polyubiquitination in 
the mutant at high temperatures (Figures 9B, 9C, and 11B). In contrast, the levels 
of insoluble protein aggregates were reduced but protein polyubiquitination was 
elevated in ZTL-overexpressing plants (Figures 12), indicating that ZTL is 
important for clearing protein aggregates. 
The molecular chaperone HSP90 is an interacting partner of ZTL (Kim et 
al., 2011), which mediates the polyubiquitination process of cellular proteins at 
high temperatures. It was notable that whereas most HSP90 proteins were present 
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in soluble fractions under normal temperature conditions, it was detected in both 
the soluble and insoluble fractions at high temperatures (Figure 11A). These 
observations support that ZTL and its interacting partner HSP90 constitute a part of 
a heat-inducible protein quality control system, which is able to clear insoluble 
protein aggregates through the ubiquitin-proteasome pathways.  
The next question was how heat stress affects ZTL function in the quality 
control of cellular proteins. It was found that ZTL transcription was only slightly 
elevated at high temperatures (Figure 13A). The protein levels of ZTL were also 
unaltered by heat stress (Figure 13B). Therefore, it is evident that heat stress does 
not affect ZTL function at the levels of gene transcription and protein production 
and stability. 
It is known that subcellular localization of ubiquitin ligases underlies the 
ubiquitin-dependent degradation of target proteins (Huett et al., 2012; Heck et al., 
2010). I therefore examined the dynamic association of ZTL with protein 
aggregates at high temperatures. Transgenic plants overproducing a ZTL-MYC 
fusion were heat-treated, and total proteins were separated into soluble and 
insoluble fractions. Interestingly, both ZTL proteins and polyubiquitinated proteins 
cofractionated in insoluble fractions at 40oC (Figure 13C), indicating that ZTL 































































Figure 11. Levels of protein aggregates in ztl-105 mutant.  
Eight-day-old plants grown on MS-agar plates were transferred to MS liquid 
culture at 23
o
C for 1 d. At the midpoint of the day, they were then exposed to 40
o
C 
in darkness for 2 h before preparing soluble and insoluble fractions. In (A), protein 
blots were stained with Coomassie blue (uppermost panel), and HSP90 and Tub 
were immunologically detected (lower panels). Black and white arrowheads 
indicate Tub and HSP90, respectively. Relative levels of accumulated aggregates at 
high temperatures were quantitated using the ImageJ software (right panel). Three 
blots were averaged (t-test, *P < 0.01). Bars indicate SD. In (B), polyubiquitinated 
proteins ((Ub)n) in insoluble fractions were immunologically detected. Three blots 
































































Figure 12. Levels of protein aggregates in ZTL-overexpressing OX-2 plants 
Eight-day-old plants grown on MS-agar plates were transferred to MS liquid 
culture at 23
o
C for 1 d. At the midpoint of the day, they were then exposed to 40
o
C 
in darkness for 2 h before preparing soluble and insoluble fractions. In (A), protein 
blots were stained with Coomassie blue (uppermost panel), and HSP90 and Tub 
were immunologically detected (lower panels). Relative levels of accumulated 
aggregates at high temperatures were quantitated using the ImageJ software (right 
panel). Three blots were averaged (t-test, *P < 0.01). Bars indicate SD. In (B), 
polyubiquitinated proteins ((Ub)n) in insoluble fractions were immunologically 































































Figure 13. Effects of high temperatures on ZTL transcript abundance and its 
protein stability. 
(A) and (B) Ten-day-old plants grown on MS-agar plates were exposed to 40
o
C. 
Transcript levels were examined by RT-qPCR (A). Biological triplicates were 
averaged (t-test, *P < 0.01). Bars indicate SEM. The 35Spro:ZTL-MYC transgenic 
plants were heat-treated as described in (A). ZTL-MYC proteins were 
immunologically detected (B). CB, Coomassie blue-stained membrane.  
(C) The 35Spro:ZTL-MYC transgenic plants were grown on MS-agar plates for 8 d 
and then were transferred to MS liquid culture at 23
o
C for 1 d. At the midpoint of 
the day, they were then exposed to 40
o
C in darkness for 2 h before preparing 
soluble and insoluble fractions. Protein fractions were prepared for the 




To verify the role of ZTL in clearing insoluble aggregates at high 
temperatures, I employed nano high-resolution LC-MS/MS spectrometry. Heat-
induced insoluble protein bands were analyzed (Figure 14A), and several proteins 
that were predominant in the ztl-105 mutant were identified (Figure 14B). I 
selected HEXOKINASE 1 (HXK1) as a representative protein for kinetic 
accumulation assays of insoluble aggregates. As expected, the level of HXK1 was 
significantly elevated in the ztl-105 insoluble fraction at high temperatures (Figure 
14C), showing that ZTL plays a role in clearing heat-induced protein aggregates. 
ZTL interacts with HSP90 under normal conditions (Kim et al., 2011). 
The protein level of HSP90 increases after exposure to heat stress (Meiri and 
Breiman, 2009). I observed that both ZTL and HSP90 proteins are enriched in 
insoluble aggregates at high temperatures. I therefore examined whether the ZTL-
HSP90 interaction is affected under heat stress. Bimolecular fluorescence 
complementation (BiFC) assays, which transiently express truncated yellow 
fluorescence protein fusions in Arabidopsis protoplasts, revealed that the ZTL-
HSP90 interaction still occurred at high temperatures (Figure 15A). Notably, 
coimmunoprecipitation assays showed that the ZTL-HSP90 interaction was 
significantly elevated after heat shock (Figure 15B), indicating that high 
temperatures increase the formation of ZTL-HSP90 protein complexes.  
The linkage of HSP90 with ZTL in heat-induced polyubiquitination was 
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further investigated using HSP90 RNAi plants, in which cytosolic HSP90 proteins 
are markedly depleted (Kim et al., 2011). Heat-induced polyubiquitination was 
markedly reduced in the HSP90 RNAi plants (Figure 15C), further supporting the 




































1 BGLU21 AT1G66270 59.6 855.10
1 BGLU19 AT3G21370 60 110.89
1 BGLU 24 AT5G28510 61 66.87
2 HXK 1 AT4G29130 53.7 96.95
3 UGE1 AT1G12780 39.1 76.09
3 GLO5 AT4G18360 34.4 112.72
3 ATPC1 AT4G04640 33.3 96.27





















Figure 14. Nano high resolution LC-MS/MS spectrometer analysis of protein 
aggregates at high temperatures.  
(A) Levels of protein aggregates at high temperatures. Protein gels were stained 
with Coomassie blue. 
(B) List of proteins identified by nano LC-MS/MS. Proteins were extracted from 
selected protein bands (as labeled 1 – 3 in (A)). The extracted proteins were 
subjected to nano high resolution LC-MS/MS. Some of the proteins that were 
predominant in the protein aggregates of ztl-105 samples, including HXK1, are 
listed. 
(C) Elevation of HXK1 protein levels in the insoluble aggregates from ztl-105 
mutant. Soluble and insoluble protein fractions were prepared from the heat-treated 
plants, as described above. Levels of HXK1 proteins were examined 
































































Figure 15. HSP90 is associated with heat-induced polyubiquitination by 
interacting with ZTL.  
(A) BiFC on ZTL-HSP90 interaction. YFP, yellow fluorescent protein.  
(B) Coimmunoprecipitation. The 35Spro:ZTL-MYC transgenic plants were exposed 
to 40
o
C in darkness for 2 h. Immunoprecipitation (IP) was performed using 
magnetic beads, and the precipitants were used for the immunological detection of 
MYC-ZTL and HSP90. Input represents 5% of the IP reaction.  
(C) Reduction of heat-induced polyubiquitination in HSP90 RNAi plants. Plants 
were grown and exposed to 40
o
C. Polyubiquitinated proteins were detected 
immunologically. Three blots were quantitated and averaged (t-test, *P < 0.01). 





The clock function is hypersensitive to high temperatures in the ztl-105 mutant 
My data indicate that ZTL is involved a protein quality control system functioning 
at high temperatures. It has been suggested that ZTL is involved in the temperature 
compensation of the circadian clock at warm temperatures (27oC) (Edwards et al., 
2005), raising the possibility that the ZTL-mediated thermal response is 
functionally associated with clock function. 
I investigated circadian rhythms in the ztl-105 mutant after exposure to 
high temperatures. At 28oC, the rhythmic expression patterns of the gene encoding 
chlorophyll A/B-binding protein 2 (CAB2) remained unaffected but had reduced 
amplitudes in both Col-0 plants and the ztl-105 mutant (Figure 16A). However, at 
35oC, both the phases and amplitudes of circadian rhythms were completely 
disturbed in the mutant, while circadian rhythms were still persistent but with a 
lengthened period in Col-0 plants (Figure 16B). These observations indicate that 
ZTL is required for robust clock function under heat stress but is not related to 
temperature compensation of the clock.  
I found that HSP90 interacts with ZTL in modulating protein 
polyubiquitination at high temperatures (Figures 15). Circadian rhythms were 
disturbed in ztl-105 mutant under identical conditions (Figure 16B). It was 
therefore suspected that circadian rhythms would be altered in plants having 
reduced HSP90 activity. Consistent with the known roles of cytosolic HSP90 
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proteins in clock function (Kim et al., 2011), circadian rhythms were largely 
disturbed in the HSP90 RNAi plants at high temperatures (Figure 17), as observed 
in the ztl-105 mutant. 
I next tested the linkage between accumulation of protein aggregates and 
clock thermosensitivity by including MG132, a potent proteasome inhibitor (Lee 
and Goldberg, 1998), in the assays on the circadian rhythmic expression of CAB2 
gene. At 23oC, the rhythmic expression of CAB2 gene was evident in both Col-0 
plants and ztl-105 mutant in the presence of MG132 (Figure 18). At 35oC, the 
circadian rhythms were still evident at ZT24-48 but disappeared in the presence of 
MG132 (Figure 18A). In contrast, the rhythmic expression was not observed in ztl-
105 mutant even in the absence of MG132 (Figure 18B), demonstrating that ZTL 
plays a role in the thermostability of the clock by modulating the accumulation of 
protein aggregates. 
It is known that ZTL modulates the protein stability of TOC1 and PRR5 
through the ubiquitin-mediated degradation pathways (Más et al., 2003; Kiba et al., 
2007). I therefore investigated whether ZTL-mediated control of TOC1 and PRR5 
protein stability is related to the disrupted circadian rhythms in the ztl-105 mutant 
at high temperatures. While the protein levels of TOC1 and PRR5 were rapidly 
reduced during the dark period at 23oC (Figure 19A), such reductions were not 
observed at 35oC (Figure 19B), similar to the protein accumulation patterns in 
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ZTL-defective mutants (Más et al., 2003; Kiba et al., 2007). In addition, TOC1 and 
PRR5 proteins remained in the soluble fraction (Figure 19C), while ZTL proteins 
were fractionated into the insoluble fraction (Figure 13C). These observations 
indicate that TOC1 and PRR5 are not directly involved in ZTL-mediated 
stabilization of the clock function at high temperatures. 
Altogether, I report that the ZTL/HSP90-mediated protein quality control 
system confers sustainability of plant growth and, possibly, robust clock function 
under heat stress conditions. Upon exposure to stressful high temperatures, ZTL 
enhances the polyubiquitination of misfolded proteins to direct them toward the 
ubiquitin-proteasome pathways, thus eliminating the accumulation of protein 
aggregates that are toxic to cellular components. My data provides a distinct 









































































































Figure 16. Disruption of circadian rhythms in ztl-105 mutant at high 
temperatures. 
Seven-day-old plants grown on MS-agar plates at 23
o





C (B) in the light. Transcript levels were examined by RT-qPCR. Biological 


































































Figure 17. Disruption of circadian rhythms in HSP90 RNAi plants.  
Seven-day-old plants grown on MS-agar plates at 23
o
C were incubated at 35
o
C in 
the light. Transcript levels were examined by RT-qPCR. Biological triplicates were 
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Figure 18. Effects of MG132 on circadian rhythms. 
Six-day-old plants grown on MS-agar plates at 23
o
C were transferred to MS liquid 
culture for 1 d. They were then transferred to MS liquid culture supplemented with 




C in the light. Circadian rhythms 
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Figure 19. Diurnal rhythmic accumulation of PRR5 and TOC1 is disrupted at 
high temperatures.  
(A) and (B) Accumulation patterns of PRR5 and TOC1 proteins. Plants were 
grown on MS-agar plates at 23
o
C for 9 d and then either kept at 23
o
C or transferred 
to 35
o
C for 1 d (A and B, respectively). PRR5-GFP and TOC1-YFP proteins were 
immunologically detected using polyclonal anti-GFP antibody produced in rabbit 
(catalog no. ab6556; Abcam). CB, Coomassie blue-stained membrane. 
(C) Subcellular distribution of PRR5 and TOC1 proteins. The heat-treated 
transgenic plants described in (A) were used for the preparation of soluble and 









ZTL and HSP90 mediate a thermoresponsive protein quality control 
mechanism 
Protein misfolding is a common cellular event that occurs continuously as living 
organisms age or encounter environmental extremes, such as high temperatures and 
oxidative stress. Versatile protein quality control systems have evolved to cope 
with misfolded proteins and their insoluble aggregates by either facilitating 
refolding reactions or clearing insoluble aggregates (McClellan et al., 2005; Finka 
and Goloubinoff, 2013). 
In plants, distinct ubiquitin-proteasome systems are responsible for the 
degradation of irreversibly aggregated proteins and the accompanying E3 ubiquitin 
ligase enzymes have been functionally characterized. The CHIP ubiquitin ligase 
polyubiquitinates misfolded proteins that are targeted for degradation to eliminate 
proteotoxicity under environmental stress conditions (Zhou et al., 2014; Lee et al., 
2009; Samant et al., 2014). Meanwhile, the autophagy receptor neighbor of 
BRCA1 gene 1 (NBR1) mediates the autophagosomal degradation of ubiquitinated 
protein aggregates (Zhou et al., 2013). It has been shown that CHIP and NBR1 
mediate two distinct but mutually complementary anti-proteotoxic pathways 
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working to respond to abiotic stresses in plants (Zhou et al., 2014). 
Molecular chaperones are a group of proteins that not only facilitates 
proper folding of newly synthesized polypeptides but also mediates controlled 
degradation of misfolded proteins and their aggregates by forming chaperone-E3 
ubiquitin ligase complexes (McClellan et al., 2005). Many molecular chaperones 
identified so far are HSPs, which are produced in response to elevated temperatures 
in plants (Zhou et al., 2014; Krishna and Gloor, 2001; Bita and Gerats, 2013). 
Among plant HSPs, HSP90 has been the most extensively studied in plant 
responses to environmental stresses, including defense mechanisms (Xu et al., 
2012), phenotypic plasticity (Sangster and Queitsch, 2005), and buffering of 
genetic variations (Sangster et al., 2008). In particular, it has been found that high 
temperatures trigger HSP90 production, which plays a role in the assembly and 
maintenance of the 26S proteasome (Imai et al., 2003), suggesting a versatile role 
of HSP90 in shaping protein turn-over under stressful environments. 
HSP90 plays a central role in maintaining animal circadian systems 
(Schneider et al., 2014). In plants, a well-known substrate of HSP90 is the F-box-
containing ZTL ubiquitin ligase functioning in the circadian clock (Kim et al., 
2011). It has been shown that HSP90 stabilizes ZTL and the HSP90-mediated 
maturation of ZTL is essential for clock function. The HSP90-mediated 
stabilization of ZTL also contributes to the rhythmic accumulation of tetrapyrroles 
 
 47 
in chloroplasts, which in turn regulates the oscillated expression of genes encoding 
C-REPEAT BINDING FACTOR transcription factors (Noren et al., 2016). These 
observations support a potential role of the ZTL-HSP90 module in the intersection 
between the circadian clock and plastid signaling pathways. 
In this study, I demonstrated that ZTL and HSP90 constitute a part of the 
proteasome-dependent protein quality control mechanism, which enhances the 
thermotolerance of plant growth and maintains thermostability of the clock 
function. In the ZTL-defective ztl-105 mutant, protein polyubiquitination was 
reduced but insoluble protein aggregates accumulated. I also found that ZTL and 
HSP90 were cofractionated with insoluble aggregates under heat stress, indicating 
that the ZTL-HSP90-mediated protein quality control system plays a major role in 
the degradation of irreversibly misfolded proteins accumulating under heat stress. 
While the ZTL-HSP90 pathway thermostabilizes the clock function, it is not 
related with the temperature compensation of the clock. 
The CHIP-defective mutants are thermo-susceptible, and insoluble protein 
aggregates accumulate in those mutants (Samant et al., 2014). Notably, 
polyubiquitination is elevated in the mutants, which is in contrast to the reduction 
of polyubiquitination in the ztl-105 mutant and yeast mutants lacking various 
ubiquitin ligase enzymes (Fang et al., 2011; Yoo et al., 2015). This distinction 
suggests that the CHIP-mediated quality control mechanism is somewhat distinct 
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from those mediated by other E3 enzymes to maintain protein homeostasis.   
 
ZTL sustains the thermostability of the circadian clock 
It is currently unclear how the ZTL/HSP90 system confers enhanced high 
temperature tolerance to the clock function. One possibility would be that clock 
components or those mediating clock input and output signals are misfolded upon 
exposure to high temperatures, forming insoluble aggregates that disrupt protein 
homeostasis of the clock function. Under this circumstance, ZTL provides a finely 
tuned protein turnover mechanism targeting heat-induced aggregates of the clock 
components. Alternatively, the accumulation of denatured or damaged cellular 
proteins provokes cytotoxicity, resulting in overall dysfunction of cellular activities, 
including the clock function. I found that thermotolerance is reduced and circadian 
rhythms are disturbed in the ztl-105 mutant at high temperatures, supporting the 
latter possibility. 
Previous and my own data support that ZTL modulates the clock function 
under both normal and stressful conditions. It has been reported that the ZTL 
enzyme degrades TOC1 and PRR5 in a circadian rhythmic pattern (Más et al., 
2003; Kiba et al., 2007). I found that HSP90 and ZTL accumulate in insoluble 
protein aggregates under heat stress. One plausible explanation is that ZTL plays 
dual roles in maintaining the clock function. Under normal temperature conditions, 
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it directs the dark-dependent degradation of TOC1 and PRR5 via the ubiquitin-
proteasome pathway (Más et al., 2003; Kiba et al., 2007). On the other hand, when 
plants are exposed to high temperatures, ZTL and HSPs constitute a part of the 
proteasomal protein quality control machinery that eliminates insoluble protein 
aggregates inevitably occurring under this stressful condition. TOC1 and PRR5 
remained soluble at high temperatures and were not targeted by the ZTL-HSP90 
module, suggesting that ZTL mediates clock thermostability by targeting cellular 
proteins other than TOC1 and PRR5. The ZTL-mediated protein quality control 
system may also function under other stresses, such as oxidative stress and high 
salinity, which profoundly influence clock function (Marcolino-Gomes et al., 2014; 
Tamaru et al., 2013). 
More work is required to elucidate the molecular mechanism that 
underlies the functions of ZTL and HSP90 in the heat-responsive protein quality 
control system. On the basis of their roles in plant thermotolerance and clock 
thermostability, the ZTL-HSP90 pathway would require additional cochaperones, 
such as HSP70 or GI. It is known that GI forms a ternary complex with HSP90 and 
ZTL, which functions in the maturation process of ZTL, to maintain the clock 
function under normal temperature conditions (Cha et al., 2017). It is likely that GI 
would also contribute to the thermotolerance response and clock thermostability by 





I thank Dr. David Somers for providing the HSP90 RNAi lines. Woe-Yeon Kim 






















Auxin mediates the wind-induced development of 




















Plants are constantly challenged with surrounding environments and objects 
throughout their life cycles, among which the effects of different light regimes and 
temperatures have been extensively explored in terms of how plants sense these 
environmental signals and molecular mechanisms by which plants adapt to 
stressful environmental challenges. The reprogramming processes of plant growth 
and morphogenesis by light and thermal cues are termed photomorphogenesis and 
thermomorphogenesis, respectively (Arsovski et al., 2012; Quint et al., 2016). 
Meanwhile, it has long been perceived by agricultural breeders and plant 
scientists that mechanical stimuli, including physical touch by passing animals, 
insect attack, raindrops, wind, and flooding, profoundly affect plant growth and 
morphogenesis. While plants growing indoors appear slender and spindly, those 
growing in wild habitats exhibit relatively short, thick stems but grow healthy and 
robust (Jaffe and Forbes, 1993). The mechanically induced reshaping of growth 
and morphology are often referred to as thigmomorphogenesis (Chehab et al., 
2009). The thigmo-sensing process is considered to be an adaptation strategy that 
allows plants to cope with mechanical disturbances and thus is important for 
agricultural practices (Shah et al., 2017). It has been explored that plant growth 
hormones, such as auxin and ethylene (ET), mediate the thigmomorphogenic 
responses (Takahashi et al., 1984; Sarquis et al., 1991; Chehab et al., 2009), 
although detailed molecular mechanisms are largely unknown. 
One of the most noticeable thigmomorphogenic responses is observed 
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with trees growing on the top area of mountains, where high wind speeds are 
common throughout the year. The mountain trees mostly appear stunted with 
relatively thick trunk and fewer branches because of a reduction in longitudinal 
stem growth that is accompanied by secondary radial stem growth (Biddington, 
1986). Similar reshaping patterns of growth and morphology are also observed in 
Arabidopsis plants that are regularly exposed to wind gust (Braam and Davis, 
1990). In extreme cases, wind-driven mechanical stress causes root and stem 
lodging and disorientation of the leaves, leading to a significant yield loss of cereal 
crops (Mi et al., 2011). In nature, windstorms impose severe hazarding effects on 
forests, such as tree damages and timber losses (Mitchell, 2013). Therefore, plants 
have evolved versatile adaptive strategies to cope with mechanical wind forces. 
The wind-responsive morphological changes allow plants to avoid stem breakage 
and uprooting by building a rigid architecture and minimizing the force from wind 
(Gardiner et al., 2016). 
The phenomenon of plant acclimation to wind stress has been documented 
for decades in different plant species. However, the modes of plant responses to 
wind-induced mechanical stimulation vary greatly among different plant species, 
depending on the intensity and timing of the stimuli (Urban et al., 1994; Gillies et 
al., 2002; Badel et al., 2015), and thus how plants sense and transmit the wind-
derived signals to appropriate physiological responses is largely unknown in most 
cases. Especially, wind-driven thigmomorphogenic responses also include the 
rearrangement of biomass to the root systems and the restructuring of the root 
growth and patterning (Coutand et al., 2008). 
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While it is increasingly evident that the aboveground wind affects the root 
growth and architecture, the thigmomorphogenic responses of the root system have 
not been explored extensively because it is influenced by a complicated network of 
both the aboveground and soil conditions. For example, it has been observed that 
soil conditions, such as soil particle composition, nutrient contents and composition, 
and water content influence the root responses to wind (Reubens et al., 2009). 
Recent studies have provided an invaluable hint for elucidating molecular 
mechanisms governing root thigmomorphogenesis. Adventitious roots (ARs) are 
formed from nonroot tissues naturally in numerous plant species under both normal 
and stressful growth conditions (Steffens and Rasmussen, 2016). In cereal crops, 
including wheat, rice, and maize, the ARs are important for plant adaptation to 
various stress conditions, such as flooding, drought, soil burial, and nutrient 
deficiency. However, it is still unclear how plants sense surrounding signals to 
launch downstream molecular events in triggering AR formation. 
One of the best described is the AR formation in rice (Oryza sativa). In 
this plant species, AR development is initiated both during normal development 
and in response to stressful stimuli (Steffens and Sauter, 2009). It is known that the 
AR formation is mediated by LATERAL ORGAN BOUDARIES DOMAIN (LBD), 
ADVENTITIOUS ROOTLESS1 (ARL1), and WUSCHE RELATED 
HOMEOBOX11 (WOX11) transcription factors (Liu et al., 2005; Zhao et al., 
2009). Accordingly, ARL1-deficient rice mutants do not form ARs (Liu et al., 
2005). The ARL1 gene is responsive to auxin and ethylene signals and mainly 
expressed in lateral and AR primordia, tiller primordia, and vascular tissues (Liu et 
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al., 2005). ARL1 is known to act as a regulator of auxin-mediated cell 
dedifferentiation and promotion of cell division (Liu et al., 2005). Meanwhile, 
WOX11 plays a role in cytokinin and auxin signaling networks during AR 
development (Zhao et al., 2009). It is involved in both AR emergence and growth, 
coordinating auxin and cytokinin signaling cascades that stimulate cell division 
(Zhao et al., 2009). However, it has been unexplored whether the auxin-mediated 
AR formation is associated with wind-induced thigmomorphogenic root growth. 
In this study, I systematically investigated how Brachypodium distachyon, 
a widely used monocot model in recent years, adapts to wind-mediated mechanical 
stress. It was found that in response to constant wind gust, Brachypodium develops 
shoot-born ARs from the leaf nodes, which strengthen the statue of the plant 
against stem and root lodging. Interestingly, direct contact of the leaf nodes with 
soil particles, not the bending of the mesocotyls, is the major stimulating cue that 
induces AR formation through WOX- and LBD-mediated auxin signaling pathways. 
My findings demonstrate that the wind-induced stimulation of thigmomorphogenic 
AR formation is essential for the enhancement of mechanical tolerance and rapid 









MATERIALS AND METHODS 
 
Plant materials and growth conditions 
Brachypodium distachyon ecotype Bd21-3, a standard diploid inbred line widely 
used in the community, was used in all assays. The seeds without lemma were 
placed on two layers of wet filter paper at 4 oC for seven days. The germinating 
seedlings were then transferred to soil and grown in a controlled growth chamber 
with relative humidity of 60% under long day conditions (16-h light and 8-h dark). 
Growth temperatures were set at 23 oC with white light illumination with a light 
intensity of 150 µmol photons/m2s provided by FLR40D/A fluorescent tubes 
(Osram, Seoul, Korea). 
 
Phenotypic analysis 
For wind treatments, an electronic fan (EF-73HK, Hanil, Korea) was used and, and 
the speed of wind flow was measured by anemometer (ST-112, Sincon, Korea). For 
wind acclimation analysis, three-week-old plants grown in soil were first exposed 
to a constant unidirectional wind flow (1.9 m/s) for ten days. Following the 
pretreatment, the wind-acclimated plants were subjected to wind flow and 
photographed. Wind sensitivity was analyzed by measuring the angles of fluttered 
leaves relative to the soil surface. 
To examine the effects of AR dissection, three-week-old plants grown in 
soil were exposed to a constant unidirectional wind flow for ten days. The plants 
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harboring ARs were identified, and visible ARs were dissected. The AR-dissected 
or -retaining plants were subjected to wind flow, and leaf angles were measured. 
For examine the effects of falling down of the leaf nodes, three-week-old 
plants grown in soil were artificially fallen down using arresting wire so that the 
leaf nodes directly touch the soil particles. Arresting wires were carefully equipped 
not to touch the leaf node parts because they would potentially trigger a touch-
induced thigmomorphogenic response. Ten days following the falling down setup, 
the frequency of AR emergence was measured, in which ARs longer than 5 mm in 
length were counted. For gravi-stimulation assays, plants were rotated by 75 
degrees and further grown for ten days. To maintain the horizontally positioned 
stems and leaf nodes, plants were equipped with supporting wires. For assays on 
the effects of a combined stimulation of gravity and falling down, artificially fallen 
plants were rotated to position vertically the stems and leaf nodes. One side of the 
leaf nodes was allowed to be in direct contact with soil particles. The plants were 
further grown for ten days before assays. 
To examine the potential effects of mechanical touch on the induction of 
AR emergence, the leaf nodes of three-week-old plants was completely covered 
with soil or sand stack. In addition, two layers of miracloth were laid in between 
the sand stack and the grounding soil layer to keep the sand stack in a semidry state.  
 
Chemical treatments 
The auxin transport inhibitor NPA (Sigma, St. Louis, MO, USA) and the ET 
perception inhibitor AgNO3 (Sigma) solutions were prepared in Tween 20 
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(Amresco, Radnor, PA, USA). NPA (1 µM in 0.05% (v/v) aqueous Tween 20) or 
AgNO3 (1 µM or 100 µM in 0.5% (v/v) aqueous Tween 20) was sprayed once a 
day for ten days onto three-week-old plants grown in soil, each spray using 
approximately 1 ml per plant. After the first spray, plants were artificially fallen 
down and further grown for ten days before analysis. 
For gene expression assays, NPA (1 mM in 0.05% (v/v) aqueous Tween 
20) or IAA (Sigma, 100 µM in 0.5% (v/v) aqueous Tween 20) were sprayed onto 
three-week-old plants, which were subsequently fallen down. The leaf nodes and 
their internodes were harvested at 0, 3, 6, 12, and 24 h following chemical 
treatments into liquid nitrogen for the extraction of total RNA samples. 
    
Phylogenetic analysis 
The amino acid sequences of the WOX proteins from Brachypodium (BdWOX6, 
BdWOX7, BdWOX10, BdWOX11, and BdWOX12-like), Arabidopsis (AtWOX11, 
and AtWOX12), and rice (OsWOX11) were obtained from NCBI 
(https://www.ncbi.nlm.nih.gov/pubmed). The amino acid sequences of the LBD 
proteins from Brachypodium (BdLBD1, BdLBD4, BdLBD6, BdLBD15, BdLBD20, 
BdLBD30, and BdLBD36) and rice (OsARL1) were similarly obtained from NCBI. 
Phylogenetic analysis was carried out using the MEGA 7 software 
(https://www.megasoftware.net/).  
 
Gene transcript analysis 
Total RNA was extracted from appropriate plant materials using the RNeasy Plant 
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Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s procedure and 
thoroughly pretreated with a RNase-free DNase to get rid of contaminating 
genomic DNA before use. Reverse transcription-mediated real-time PCR (RT-
qPCR) was employed to analyze the levels of transcripts. 
All RT-qPCR reactions was performed in 96-well blocks with the Applied 
Biosystems 7500 Real-Time PCR System (Foster City, CA) using the SYBR Green 
I master mix in a reaction volume of 20 µl. The two-step thermal cycling profile 
employed was 15 s at 95oC for denaturation and 1 min at 60-65oC, dependi
ng on the calculated melting temperatures of PCR primers, for annealing an
d polymerization. An UBC18 gene (Bd4g00660) was included as internal co
ntrol in the PCR reactions to normalize the variations in the amounts of pri
mary cDNAs used. The PCR primers were designed using the Primer Express 
software installed in the system and listed in Table S2.  
 
Statistical analysis 
All experiments were conducted using biologically independent samples, and the 
number of biological replicates is given for each experiment. Statistical 
significance was determined using either one-way analysis of variance (ANOVA) 
with post hoc Tukey test or Student t-test for determining significant differences or 







































































Table 2. Primers used in CHAPTER 2. 
The primers were designed using the Primer3 software in a way that they have 
calculated melting temperatures in a range of 50 - 65 oC. F and R indicate forward 




















Brachypodium adapts to wind-induced mechanical stress by forming ARs 
Several tree species and cereal crops have been shown to adapt to stressful 
mechanical stimuli by altering their growth and morphology (Biddington, 1986; 
Reubens et al., 2009). Wind is one of the critical climate factors in crop agriculture 
that greatly affect the annual yields of crops. Considering that Brachypodium 
shares many morphological and developmental traits with crop species (Brkljacic 
et al., 2011), I decided to elucidate how this plant species withstands wind stress at 
the molecular level.  
I first conducted a series of wind exposure assays, in which wind-
acclimated and nonacclimated plants were exposed to constant unidirectional wind 
flow for ten days. It was found that wind-acclimated plants exhibited a relatively 
reduced bending of mesocotyls (Figure 20A). Plant resistant responses to wind 
force were then quantified by measuring leaf angles relative to the horizontal plane. 
While the leaf angle was approximately 30 degrees in nonacclimated plants, it was 
larger than 60 degrees in wind-acclimated plants (Figure 20B), showing that 
Brachypodium is capable of adapting to wind-mediated mechanical force.  
I next investigated growth and morphological changes that accompanied 
wind acclimation. Overall plant morphology and growth patterns in the aerial plant 
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parts were not discernibly affected by wind treatments in my assay conditions 
(Figure 20). Interestingly, I found that more ARs were formed from the leaf nodes 
of the tillers in wind-treated plants (Figure 21), raising a possibility that AR 
formation is responsible for the wind-tolerant phenotype. To examine this 
possibility, I dissected the ARs of the wind-treated plants and performed an 
additional round of wind treatments. While AR-intact plants exhibited wind 
tolerance, AR-dissected plants exhibited a significant reduction of wind tolerance 
(Figure 21B). These observations indicate that the wind-induced formation of ARs 
from the leaf nodes of the tillers is functionally associated with wind tolerance and 



















































Nonacclimated Wind-acclimated  
Figure 20. Adaptation of Brachypodium plants to wind-induced mechanical 
stimulation. 
Three-week-old plants grown in soil were either exposed to a constant 
unidirectional wind flow or grown under control conditions for 10 days (wind-
acclimated or nonacclimated, respectively) and subjected to wind treatments. 
(A) Leaf fluttering phenotypes.  
(B) Effects of wind flow on leaf angle. Wind-treated plants were photographed, and 
the largest leaf angles were measured. Box plots show the range of measured leaf 
angles (n > 20). Different letters represent a significant difference (P < 0.01) 

















































Figure 21. Induction of AR formation by wind stimulation.  
Three-week-old plants were either grown under control conditions (mock) or 
exposed to a unidirectional wind flow (wind) for 10 days prior to analyzing AR 
formation.  
(A) AR emergence. Leaf node roots formed on tillers were counted as ARs (right 
graph). ARs formed in the soil-grown plants and their enlarged views were 
displayed (left photographs). White arrows indicate ARs. Sixteen plants were 
measured in two independent experiments and statistically analyzed (Student t-test, 
*P < 0.01). Error bars indicate standard error of the mean (SEM).  
(B) Wind responses of plants with or without ARs. Visible ARs of unidirectional 
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wind-treated plants were either retained (no cut) or dissected (cut), and the plants 
were exposed to wind stimulation (left photographs). Leaf angles were measured 
and statistically analyzed (right graph, n = 20). Different letters represent a 


















Wind-driven falling down of the shoots triggers AR formation 
A visible effect of wind on plants is the mechanical falling down of the aerial plant 
parts. Wind also imposes changes in aerial pressure and plant body temperature. A 
critical question was whether the wind-driven falling down of the shoots is the 
major determinant of AR formation or additional physicochemical factors are 
required for the wind-tolerant process. 
Prior to wind treatments, Brachypodium plants were equipped with 
supporting wire so that the shoots do not fall down even under windy conditions 
(Figure 22A). Notably, plants equipped with supporting wire, which do not fall 
down in response to wind, exhibited a significantly reduced emergence of ARs 
(Figure 23), suggesting that the wind-induced mechanical falling, not other effects 
of wind, such as changes in aerial pressure and temperature, is the major factor that 
triggers the induction of AR emergence under wind-mediated stress conditions.  
Mechanical bending of the mesocotyls positions the leaf nodes 
horizontally, rotating the direction of gravity 90 degrees in these plant organs. 
Gravi-stimulation is known to induce lateral root emergence in Arabidopsis 
(Ottenschläger et al., 2003). I therefore examined whether the gravity affects the 
frequency of AR emergence. Plants grown in soil were either artificially fallen 
down using arresting wire or rotated horizontally and further grown for ten days 
(Figure 22B and Figure 22C, respectively). Artificially fallen plants exhibited a 
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frequency of AR emergence similar to what observed with wind-treated plants 
(Figure 24A). In contrast, gravi-stimulated plants exhibited a markedly reduced 
frequency of AR emergence compared to those in wild-treated and artificially 
fallen plants. A combined stimulation by gravity and falling down recovered the 
frequency of AR emergence comparable to that observed in wind-treated and 
artificially fallen plants (Figure 24B). It was notable that in plants stimulated by 
artificial falling down and gravity, ARs were formed mostly from the soil-
contacting side of the leaf nodes (Figure 24B, white arrow). Together, these 
observations suggest that while direct soil contact of leaf node by mechanical 
bending of the mesocotyls is a major determinant of the AR formation, gravi-



























Figure 22. Experimental set-up for phenotypic analysis of plants against 
mechanical and gravity stimuli. 
(A) Experimental set-up.   
(B-D) Experimental set-up for ‘falling’ and ‘gravity’ stimuli. Plants were 
artificially fallen down to the soil surface by wire (B). Plants were gravistimulated 
by rotating horizontally (C). To prevent the shoots from falling downward, plants 
were supported by wire (arrowheads). The supporting wires were arranged 
carefully not to touch the leaf nodes. Artificially fallen plants were rotated by 75o, 

































Figure 23. Effects of wind-driven falling down on AR formation. 
Three-week-old plants grown in soil were further grown for 10 days under windy 
conditions with or without supporting wire. Following wind treatments, 
representative plants were photographed (left photographs). AR emergence was 
statistically analyzed (right graph). Sixteen plants were measured in three 
independent experiments and statistically analyzed using Student t-test (*P < 0.01). 



















































Figure 24 Effects of mechanical and gravity stimuli on AR formation.  
Three-week-old plants grown in soil were further grown for 10 days under various 
conditions. Sixteen plants were measured in three independent experiments and 
statistically analyzed using Student t-test (*P < 0.01). Error bars indicate SEM. 
White arrows indicate ARs. 
(A) Plants were artificially fallen down using wire (fallen). Plants were also grown 
on a slope of 75o to impose gravity stimulation (gravity). Following treatments, 
representative plants were photographed (left photographs). AR emergence was 
statistically analyzed (right graph). 
(B) Effects of combined stimulation of gravity and falling down on AR formation. 
Plants were fallen down and then rotated by 75o to impose combined stimulation. 
Representative plants were photographed (left photographs), and AR emergence 
was statistically analyzed (right graph). 
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Direct contact of the fallen leaf nodes with soil particles triggers the induction 
of AR emergence  
I found that ARs are formed in the soil-contacting side of fallen plants (Figure 24B). 
In addition, the bending of the mesocotyls and the horizontal positioning of the leaf 
nodes do not induce AR formation (Figure 24B). I therefore speculated that direct 
soil contact is a prerequisite for the induction of AR formation. 
To test the hypothesis, plants were artificially fallen down, and the leaf 
node parts were embedded in the soil (soil-embedded). The occurrence of AR 
emergence was counted on the upper and lower sides of the soil-embedded lead 
nodes. Surprisingly, soil-embedded leaf nodes produced multiple ARs on both the 
lower and upper sides, unlike fallen plants that produced ARs mostly on the lower, 
soil-contacting side of the leaf nodes (Figure 25). It was therefore evident that 
direct contact with soil particle is critical for AR formation. 
A next question was whether direct contact with soil particles routinely 
used for Brachypodium culture is sufficient for the induction of AR formation. 
Plants were covered with the soil up to the leaf nodes but without the bending of 
the mesocotyls. Notably, the soil-covered plants formed ARs around the leaf nodes 
(Figure 26), strongly supporting that mechanical contact with soil particles, not the 
bending of the mesocotyls, is sufficient for the induction of AR emergence. 
It has been reported that soil nutrient conditions affect AR emergence and 
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its elongation at the leaf nodes in Brachypodium (Poiré et al., 2014). To eliminate 
or reduce the effects of nutrients in the covering soil layer, fine sand particles that 
were thoroughly rinsed with water were stacked to cover the second leaf nodes. 
Under this condition, the leaf nodes were assumed to be exposed mostly to 
mechanical contact, and the effects of soil nutrients, if any, were supposed to be 
negligible. The sand particle-covered plants still formed ARs around the leaf nodes 
at the frequency comparable to that observed in the soil-covered plants (Figure 26). 
In the meantime, water logging is a well-known factor that triggers AR formation 
in various plant species (Steffens et al., 2006; Vidoz et al., 2010). I put miracloth in 
between the sand stack and the soil layer to get rid of the majority of water from 
the sand stack. Under this experimental condition, the frequency of AR emergence 
was comparable to those observed in the plants covered with the soil layer or the 
sand stack alone. Together, these observations unequivocally demonstrate that 
mechanical contact with the solid particles, not soil nutrients nor water logging, 


































Figure 25. Induction of AR formation by soil contact.  
Three-week-old plants grown in soil were further grown for 10 days under 
experimental conditions. White arrows indicate ARs. The leaf nodes of the fallen 
plants were then embedded in soil (fallen+soil-embedded) for 10 days. 
Representative plants were photographed (left photographs). Arrows and 
arrowheads indicate ARs formed at the lower and upper sides of the fallen tillers, 
respectively. Asterisks mark AR primordia. AR emergence was statistically 
analyzed (right graph). Sixteen plants were measured in three independent 


































Figure 26. Induction of AR formation by sand-driven mechanical touch.  
Leaf nodes were covered with soil or sand stack (left photographs). To maintain the 
sand stack in a minimally soaked state, miracloth was laid in between the sand and 
soil stacks (sand+paper). AR emergence was statistically analyzed (right graph). 
Sixteen plants were measured in three independent experiments and statistically 











Auxin mediates the wind-mediated mechano-stimulation of AR emergence 
Auxin is one of the key growth hormones that mediate root morphogenesis 
(Sabatini et al, 1999; Casimiro et al., 2001; Dubrovsky et al., 2008). ET is another 
growth hormone that is known to play a role in the induction of AR emergence 
under stressful conditions, as observed with submergent plants in flooded areas 
(Steffens et al., 2006; Vidoz et al., 2010). My observations indicate that ARs 
formed mostly at the leaf nodes that are directly contacted with soil particles. 
To obtain insights into how mechanical stimulation by direct contact with 
soil particles mediates the induction of AR emergence, I employed chemicals that 
specifically inhibit auxin or ET functioning. The plant shoots were treated with 
either an auxin transport inhibitor, N-1-Naphthylphthalamic acid (NPA), or an ET 
perception inhibitor, AgNO3 (Thomson et al., 1973; Beyer, 1976). The inhibitor-
treated plants were then artificially fallen down using arresting wire so the leaf 
nodes were directly contacted with soil particles. It was found that application of 
NPA significantly reduced the frequency of AR emergence, while application of 
AgNO3 slightly increased the incidence of ARs (Figure27). Application of a higher 
concentration of AgNO3 also showed a similar tendency, a slight increase of AR 
emergence (Figure 28). These observations suggest that auxin plays a major role in 
























































Figure 27. Auxin-mediated induction of AR formation in fallen plants. 
(A-C) Effects of growth hormone inhibitors on AR formation. Three-week-old 
plants grown in soil were artificially fallen down, and a NPA or AgNO3 solution (1 
mM) was sprayed once a day for 10 days. Representative plants were photographed 
(A). Arrows indicate ARs. DW, double-distilled water. AR emergence (B) and 
number of ARs per plant (C) were measured. Sixteen plants were measured in three 













































Figure 28. Effects of ethylene inhibitor on AR formation. 
Three-week-old plants grown in soil were artificially fallen down, and a solution of 
0.1 mM AgNO3 was sprayed once a day for 10 days. Representative plants were 
photographed (A). White arrows indicate ARs. Sixteen plants were measured in 
two independent experiments and statistically analyzed (t-test, *P < 0.01) for AR 








WOX and LBD genes are auxin-responsive in artificially fallen plants 
In Arabidopsis, while AR formation does not occur under normal growth and 
developmental conditions, molecular genetic studies have shown that the plant-
specific WOX transcription factors, such as AtWOX11 and AtWOX12, function as 
key regulators of the induction of AR formation during organogenesis (Liu et al., 
2014). Similarly, a rice homolog of the WOX members, OsWOX11, is attributed to 
the initiation and development of crown roots (Zhao et al., 2009). 
Phylogenetic analysis revealed that there are a group of WOX proteins in 
the Brachypodium genome (Figure 29A). Amino acid sequence analysis revealed 
that among the Brachypodium WOX members, BdWOX10 and BdWOX11 shared 
a high sequence similarity with Arabidopsis AtWOX11 and AtWOX12. On the 
basis of the notion that auxin is a key regulator of the wind-induced AR formation 
in Brachypodium, I examined whether the BdWOX10 and BdWOX11 genes are 
responsive to auxin. Plants were sprayed with indole-3-acetic acid (IAA) or NPA 
and artificially fallen down. The leaf nodes, a major sites of AR formation in 
Brachypodium, and their internodes were then harvested for gene expression 
assays. It was found that the transcription of the BdWOX10 and BdWOX11 genes 
were induced by more than 10-fold by exogenous auxin application but drastically 
suppressed to a basal level by NPA (Figure 29B). 
ADVENTITIOUS ROOTLESS1 (ARL1) is a rice homolog of the LBD 
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transcription factors (Liu et al., 2005). It has been shown that rice mutants lacking 
the ARL1 gene is not able to induce AR formation (Liu et al., 2005). Phylogenetic 
analysis revealed that BdLBD20 and BdLBD30 constitute a clade with the rice 
ARL1 (OsARL1) (Figure 30A). Gene expression assays showed that the 
transcription of the BdLBD20 and BdLBD30 genes was significantly induced by 
exogenous auxin application but suppressed by NPA (Figure 30B), similar to the 
effects of auxin and NPA on the BdWOX genes. These observations suggest that the 
BdWOX and BdLBD proteins are functionally associated with the wind-induced 























Figure 29. Auxin-mediated stimulation of WOX gene expression in falling-
induced AR formation.  
(A) Phylogenetic analysis of WOX proteins in Brachypodium. The phylogenetic 
tree was generated using the Neighbor-Joining method of the MEGA7 software 
(https://www.megasoftware.net).B) Effects of auxin and NPA on the transcription 
of Brachypodium WOX genes. Three-week-old plants grown in soil were sprayed 
with 0.1 mM IAA or 1 mM NPA solution and then artificially fallen down to the 
soil surface. The leaf nodes and their internodes were harvested at the indicated 
time points following mechanical stimulation. Transcript levels were analyzed by 
RT-qPCR. Biological triplicates, each consisting of 15 independent plants, were 







































































































Figure 30. Auxin-mediated stimulation of LBD gene expression in falling-
induced AR formation.  
(A) Phylogenetic analysis of LBD proteins in Brachypodium. Note that BdLBD20 
and BdLBD30 form a clade with OsARL1.  
(B) Effects of auxin and NPA on the transcription of LBD genes. Plant growth and 







WOX and LBD genes are induced by the wind-mediated mechano-stimulation 
A last question was whether the BdWOX and BdLBD proteins are functionally 
linked with the wind-induced mechano-stimulation of AR formation. I examined 
whether the expression of the auxin-responsive BdWOX and BdLBD genes is 
altered in response to mechanical stimuli. Gene expression assays showed that the 
auxin responsiveness of their transcriptions reaches the peak 6 hours following 
auxin treatments (Figures 29 and 30). Therefore, plant materials were harvested 6 
hours following mechanical treatments. As inferred from the notion that the 
BdWOX and BdLBD genes are involved in lateral root development or AR 
formation in rice and Arabidopsis (Liu et al., 2005; Zhao et al., 2009; Liu et al., 
2014), their transcriptions were markedly induced by wind treatments and falling 
down of the mesocotyls (Figure 31A and 31C), strongly supporting that the 
BdWOX and BdLBD transcription factors are involved in the wind-stimulated AR 
formation in Brachypodium. 
Genes encoding UDP-glycosyltransferase 76C2-like (UGT76-4) and 
tryptophan aminotransferase-related protein 2-like (TAR2) are known as ethylene 
response markers in Brachypodium (Kouzai et al., 2016). Metallothionein2b 
(MT2b) is a potent scavenger of reactive oxygen species (ROS), which induces cell 
death during AR emergence (Steffens and Sauter, 2009). Gene expression assays 
revealed that the transcription of BdUGT76-4 and BdMT2b genes was not 
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discernibly affected by wind treatments or falling down of the mesocotyls (Figures 
31B and 31D). On the other hand, the transcription of BdTAR2 gene was slightly 
induced by the same mechanical stimuli. However, auxin and NPA treatments did 
not discernibly affect the transcription of the genes (Figure 32). Overall, it is 
evident that auxin plays a primary role in the mechano-stimulation of AR formation 
by modulating the expression of BdWOX and BdLBD genes, which is in 
accordance with the effects of growth hormone inhibitors on AR formation (Figure 
27). It seems that TAR2 is involved in the reprogramming process of root 
architecture in Brachypodium under wind conditions, as has been known in 
Arabidopsis (Ma et al., 2014). 
Altogether, my findings illustrate a distinct auxin signaling pathway that 
mediates the wind-induced mechano-stimulation of AR formation in 
Brachypodium (Figure 31E). Under extreme wind conditions, plants fall down, 
resulting in the direct contact of the leaf nodes with soil particles. The mechanical 
stress imposed on the leaf nodes would trigger auxin accumulation/redistribution in 
the plant tissues. In this signaling scheme, the auxin signals induce the expression 
of BdWOX and BdLBD genes, finally leading to the induction of AR emergence. I 
propose that the auxin-mediated mechano-stimulation of AR development serves as 
an adaptive strategy, by which plants sustain their normal growth and productivity 





























































































Figure 31. Induction of WOX and LBD genes by wind-mediated mechanical 
stimulation. 
Following wind and mechanical stimulation, the leaf nodes and their internodes 
were harvested, and transcript levels were examined by RT-qPCR, as described in 
Figure 29B. The RT-qPCR data were normalized to an internal control, a gene 
encoding ubiquitin-conjugating enzyme 18. Biological triplicates, each consisting 
of 15 independent plants, were averaged (t-test, *P < 0.01). Error bars indicate SE. 
(A and B) Transcription of WOX and LBD (A) and ethylene response (B) genes in 
wind-treated plants. Three-week-old plants grown in soil were exposed to wind 
flow for 6 hours. 
(C and D) Transcription of WOX and LBD (C) and ethylene response (D) genes in 
fallen plants. Three-week-old plants grown in soil were artificially fallen down to 


















Figure 32. Schematic model of auxin-mediated AR formation under windy 
conditions.  
In response to wind, plants fall down, imposing a mechanical stimuli on the leaf 
nodes. The mechanical stimulation triggers the accumulation and/or polar transport 
of auxin, which induces the expression of WOX and LBD genes. The WOX/LBD-
mediated auxin signals triggers the initiation and development of ARs, leading to 
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Figure 33. Effects of auxin and NPA on the transcription of ethylene-
responsive genes.  
Three-week-old plants grown in soil were artificially fallen down to the soil surface, 
and 0.1 mM IAA or 1 mM NPA solution was sprayed onto the aboveground plant 
parts. The leaf nodes and their internodes were harvested at the indicated time 
points for the extraction of total RNA. Transcript levels were analyzed by RT-
qPCR. The data were normalized to an internal control, a gene encoding ubiquitin-
conjugating enzyme 18. Biological triplicates, each consisting of 15 independent 











AR as an adaptive developmental device in response to environmental 
fluctuations 
ARs are developmentally distinct from primary and lateral roots in that they are 
derived from nonroot tissues, such as root-shoot junction and stem nodes, through 
both normal developmental processes and stress response pathways prominently in 
grasses and cereal crops (Steffens and Rasmussen, 2016). Not only the economic 
and ecological values of ARs but also their importance as food sources are 
becoming apparent over the past decades. Economically, cut AR parts are capable 
of producing new individuals and thus frequently used in horticulture industries. 
Moreover, ARs play critical roles in plant adaptive processes under changing 
environments, underscoring their economic values in agricultural industry. 
It is well-known that ARs help plants survive under certain abiotic and 
biotic stress conditions, such as flooding and nutrient deficiency frequently 
encountered in nature (Simberloff et al., 1978; Yu et al., 2014). The most 
extensively studied is submergence of plants in agricultural and natural ecosystems, 
often accompanying oxygen deficiency in plants. Rice is a semiaquatic plant that 
readily generates ARs upon flooding, and molecular signaling events leading to the 
stimulation of AR formation during flooding have been intensively studied 
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(Steffens et al., 2006; Vidoz et al., 2010; Nguyen et al., 2018). Submergence 
induces ethylene biosynthesis, and the gaseous growth hormone ethylene is trapped 
by water barrier. The accumulated ethylene triggers the production of ROS, which, 
in conjunction with ethylene, triggers epidermal programmed cell death for the 
induction of AR emergence (Steffens and Sauter, 2009).  
The initiation and development of ARs vary widely depending on nutrient 
and stress types and root types. For example, the density of lateral roots originated 
in the pericyclic cells of crown roots increases when exposed to locally high 
concentrations of nitrate, while those originated from seminal roots are unaffected 
under similar nutrient conditions in maize (Yu et al., 2014; Yu et al., 2015). It is 
known that various root types that formed in different soil depths have differential 
efficiency of nutrient uptakes because nutrients are frequently distributed unevenly 
in relation to the soil layers. One typical example is uptake of phosphorus, which is 
available primarily in the soil surface layer. Therefore, while an increased number 
of surface roots enhances tolerance to phosphorus deficiency, deeper roots only 
poorly respond to phosphorus-deficient soil (Bonser et al., 1996). These 
phenomena highlight the complex regulation of AR emergence and growth under 
diverse nutrient-deficient conditions. 
 
Hormonal regulation of post-embryonic root formation 
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AR organogenesis is modulated via a coordinated interaction of various hormonal 
networks. Generally, auxin plays a major role during the post-embryonic root 
formation (Casimiro et al., 2001). In Arabidopsis, it is well-established that auxin 
controls lateral root formation (Casimiro et al., 2001; De Smet et al., 2007; De 
Smet et al., 2010). Polar auxin transport is necessary for the organization of lateral 
root primordium. Auxin also play essential roles throughout the initiation and 
elongation of lateral roots by modulating auxin-responsive transcription factors and 
trafficking of PIN-FORMED (PIN) auxin transporters (Dubrovsky et al., 2008). In 
rice, it has been demonstrated that auxin flow through the PIN transporters is 
critical for the induction of AR emergence (Xu et al., 2005). 
Other growth hormones, such as cytokinins, strigolactones, 
brassinosteroids, jasmonic acid (JA), abscisic acid (ABA), and gibberellic acid 
(GA), are also involved in the induction of AR formation (Jung and McCouch., 
2013). For example, auxin signals activate genes encoding Gretchen Hagen 3-like 
proteins, which sustain JA homeostasis during AR formation (Gutierrez et al., 
2012). It is known that cytokinin and auxin function antagonistically in regulating 
AR formation (Ramírez-Carvajal et al., 2009). Meanwhile, ABA inhibits GA and 
ethylene signaling in the course of AR emergence and elongation (Steffens et al., 
2006). 
In this study, I demonstrated that Brachypodium efficiently adapts to wind 
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stress, in which wind-induced mechanical stimulation promotes AR formation via a 
WOX/LBD-mediated auxin signaling pathway. Phylogenetic analysis, gene 
expression studies, and transcriptional responses to mechanical stimuli identified a 
subset of Brachypodium WOX/LBD genes that are involved in the auxin-mediated 
mechanical stress adaptation. These genes are expressed in the leaf nodes, from 
which ARs are formed, and the gene transcription is further induced upon exposure 
to wind and mechanical falling down of the mesocotlys. It was found that the 
induction of WOX/LBD genes did not occur in NPA-treated plants, indicating that 
auxin transport is important for the WOX/LBD-mediated mechanical adaptation 
process. It is currently unclear how the wind-mediated mechanical stimuli are 
linked with auxin signaling at the molecular level. It is possible that both auxin 
transport and its biosynthesis, and perhaps auxin sensitivity as well, would be 
involved in the wind-induced mechanical stress responses. Functional 
identification of auxin biosynthetic enzymes and wind/mechanical stimuli-
responsive PIN proteins and direct measurements of endogenous contents under 
mechanical stress conditions would help elucidate the underlying molecular 
mechanisms. 
The TAR2 gene, an ethylene response marker gene (Kouzai et al., 2016), 
was induced slightly by wind exposure. Meanwhile, NPA treatments decreased its 
transcription, while auxin does not have any effects on the gene transcription. The 
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Arabidopsis TAR2 gene encodes a tryptophan aminotransferase that mediates auxin 
biosynthesis in response to ET signaling (Stepanova et al., 2008). It has been 
reported that the Arabidopsis TAR2 gene is required for the emergence of lateral 
roots under low nitrogen stress conditions (Ma et al., 2014). It is envisioned that 
TAR2-mediated ET signals do not play a direct role in the wind-induced 
thigmomorphogenic adaptation process but instead affect indirectly the AR 
formation by affecting auxin biosynthesis. 
In accordance with the seemingly limited role of the ET response markers, 
UGT76-4 and TAR2, assays with ET perception inhibitor showed that wind-
induced AR formation is not discernibly affected by ET signaling. Treatments with 
the ET perception inhibitor AgNO3 slightly induces AR emergence. However, the 
chemical treatments do not exhibit any dosage effects on the incidence of AR 
emergence. It is thus assumed that the marginal effects of AgNO3 on AR formation 
might be caused by a side effect of the chemical during plant morphogenesis 
(Kumar et al., 2009). Nevertheless, it is still possible that ET might play a certain 
role in the thigmomorphogenic AR formation through as-yet unidentified signaling 
crosstalks with auxin. Further works using Brachypodium mutants having defects 
in auxin and ET biosynthesis or signaling and genome-wide gene expression 




Induction of AR development by mechanical stimuli 
Mechano-stimulation of AR formation has been reported in rice (Steffens et al., 
2012). The gaseous growth hormone ET promotes ROS accumulation by 
suppressing the function of the ROS scavenger MT2b. External or internal 
mechanical pressure simultaneously promotes epidermal cell death, which 
facilitates the emergence of ARs. The two mutually collaborative signals provide 
an elaborative spatiotemporal information to initiate ARs in appropriate nonroot 
tissues in rice. 
My findings showed that wind-mediated mechanical stimulation does not 
alter the expression of the Brachypodium MT2b gene, indicating that the wind-
mediated thermomorphogenic AR development in Brachypodium differs from the 
ROS-mediated mechanical stimulation of AR emergence in rice. A critical issue is 
as to cellular receptors or sensory molecules that are capable of perceiving 
mechanical signals. One such potential candidate is cytosolic Ca2+ ion, a 
ubiquitously conserved signaling component in all living organisms (Trewavas and 
Knight, 1994; Marchadier et al., 2016). 
It has been observed that mechanical perturbations are immediately 
followed by rapid increase in cytosolic Ca2+ concentrations in a dose-dependent 
manner in Nicotiana plumbaginifolia (Knight et al., 1992). The Arabidopsis and 
rice genomes possess ten and five mechano-sensitive Ca2+ ion channels, 
 
 93 
respectively, supporting the involvement of Ca2+ ion as a sensing molecule or 
second messenger in the mechano-adaptation process (Haswell et al., 2008). 
Intriguingly, it is known that the Ca2+-permeable mechano-sensitive channel 1 
(MCA1) mediates Ca2+ uptake in response to agar hardness on culture media in 
Arabidopsis (Nakagawa et al., 2007). Overall, it is now apparent that 
thigmomorphogenic response is a critical adaptation process to cope with 
mechano-disturbing environmental stresses, while underlying signaling schemes 
and molecular mechanisms are to be investigated in the future. 
There is a steadily increasing concern about wind-induced damages on 
plant ecosystems and crop productivity, and thus further understanding molecular 
mechanisms underlying the wind-induced thigmomorphogenic adaptation in 
agricultural crops is an important issue in the field. Under these circumstances, my 
findings would contribute to further elucidating the molecular signaling cascades of 
AR development that are readily applicable to developing mechano-resistant crops 
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ABSTRACT IN KOREAN 
 
식물은 주변 환경의 영향을 받는다는 것이 잘 알려져 있다. 대표적인 
환경적 자극 요인으로는 빛과 온도의 변동, 바람이나 홍수, 동물의 
움직임에 의한 물리적인 자극 등이 있다. 식물은 환경적 자극에 
대응하여 다양한 적응 전략을 발달시켜왔다. 예를 들어, 생체시계는 
외부의 환경 변화를 예측하고 인지함으로써 식물 내의 다양한 생리 발달 
과정을 조절하고 식물의 생장을 최적화한다. 본 연구에서는 이러한 
생체시계의 열 안정성과 관련된 분자 기작에 대해서 알아보았다. 
 한편, 접촉이나 바람과 같은 환경적 자극은 생체 시계뿐만 
아니라 외형의 변화를 유도하기도 한다. 이러한 물리적 자극에 의한 
외형적 변화를 접촉형태형성(thigmomorphogenesis)이라고 한다. 본 
연구에서는 바람에 의한 숲개밀의 뿌리 형성에 대한 표현형을 분석하고, 
외떡잎식물의 뿌리 발달 기작을 기반으로 호르몬의 조절 방법에 대해서 
논의하였다. 
 제 1 장에서는 열 스트레스 하에서 ZEITLUPE (ZTL)의 protein 
quality control 기능에 대해 다루었다. 세포 단백질은 고온 스트레스 
하에서 변성 및 산화에 의한 손상을 받아 세포 내에 독성을 가지는 
불용성 응집체를 형성한다. 변성된 단백질은 원래의 형태로 재생되거나 
세포질 구획에서 제거된다. 이 과정을 protein quality control 이라고 하며, 
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heat shock protein (HSP)은 변성된 단백질 재생 과정을 돕는 분자 샤페론 
역할을 한다. 본 연구에서는 고온에 의해 변성된 단백질 응집체가 
애기장대의 생체시계 조절 인자인 ZTL 에 의한 protein quality control 
기작에 의해 제거됨을 증명하였다. ZTL 은 변성된 단백질을 
polyubiquitination 시킴으로써 proteasomal degradation 과정으로 유도한다. 
ZTL 이 없는 돌연변이체(ztl)에서는 고온에 의해 유도되는 
polyubiquitination 이 충분히 일어나지 못하므로 insoluble 한 단백질 
응집체가 더욱 많이 쌓이게 되며, 고온에 취약한 표현형을 보인다. 또한, 
ztl 돌연변이체가 고온에서 생체시계 리듬이 깨지는 현상을 관찰한 바, 
ZTL 을 통한 protein quality control 이 식물 생체시계의 고온 안정성에 
기여한다고 제안하였다. 나아가 샤페론인 HSP90 과 ZTL 단백질의 
interaction 이 고온에서도 유지되며, HSP90 의 발현이 낮은 식물체의 
polyubiquitination 정도와 생체시계 리듬의 고온 반응성이 ztl 
돌연변이체와 유사한 양상을 보인다는 것을 통해 HSP90 과 ZTL 이 
기능적인 측면에서 관련되어 있다는 것을 알 수 있었다. 
제2 장에서는 부정근 형성에 대한 바람의 영향에 대해서 
논의하였다. 바람에 의한 물리적 자극은 식물의 키를 작게 하고 
방사형으로 넓고 튼튼하게 자라도록 한다. 또한 뿌리의 발달에서도 
다양한 효과를 일으킨다고 알려져 있다. 그러나 식물이 어떤 기작으로 
바람을 인지하고 적응 발달을 일으키는지는 알려지지 않았다. 본 
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연구에서는 외떡잎식물 종의 모델 식물인 숲개밀이 바람에 의한 자극에 
적응하기 위해서 부정근을 형성한다는 것을 발견하였다. 부정근은 
바람에 의한 식물체의 흔들림을 막고, 지면과 식물의 고착면을 
넓힘으로써 뿌리가 안정적으로 식물을 지탱하도록 한다. 복합적인 
환경적 자극인 바람을 물리적인 접촉 자극, 공기 압력 자극, 중력 자극 
등으로 나누어 분석한 결과, 중경(mesocotyl)의 접힘 현상보다는 leaf 
node와 흙의 물리적 접촉이 부정근 형성을 유도한다는 것을 밝혔다. 
또한, 오옥신과 에틸렌 신호 억제제를 처리한 후 식물의 부정근 형성 
양상을 관찰함으로써, 에틸렌보다는 오옥신이 부정근의 접촉형태형성에 
깊게 관여되어 있음을 알 수 있었다. 오옥신은 관련 유전자인 WUSCHEL 
RELATED HOMEOBOX와 LATERAL ORGAN BOUNDARIES DOMAIN 전사 
인자들의 발현을 유도함으로써 바람에 의한 부정근 형성에 참여한다는 
것을 밝혔다.  
 
주요어: 부정근, 고온 스트레스, 단백질 품질 관리, 고온 저항성, 
접촉형태형성, 바람 
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